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SPECIFICATION 

Electronic Version 1.2.8 
Stylesheet Version 1 .0 

[ Combining nmr, density, and 
dielectric measurements for 
determining downhole reservoir 

fluid volumes ] 

Background of Invention 

[0001] Field of the Invention: The disclosed subject matter relates generally to well log 
interpretation. More specifically, this invention relates to using combinations of well 
logging measurements to derive reservoir fluid volumes and rock properties. 

[0002] Background Art: One type of tool used for investigating a formation around a 
borehole is a nuclear magnetic resonance ("NMR") logging tool. NMR tools are well 
known in the art. They measure the relaxation rates of hydrogen atoms in the pore 
spaces of earth formations by detecting the amplitude and decay rate of signals 
resulting from pulsed NMR spin-echo sequences. The NMR tool emits a sequence of 
radio-frequency pulses into the formation and then monitors the returning pulses, 
which are called "spin-echoes." The amplitude of the spin-echoes measured by the 
NMR tool are proportional to the mean density of hydrogen nuclei in the fluid that 
occupies the pore spaces in the NMR tools volume of investigation. Because the 
hydrogen densities in water and in liquid hydrocarbons are approximately the same, 
the detected NMR signal is proportional to the volume fraction of liquid occupying the 
pore space. One such NMR tool is described in U.S. Patent 6,147,489 to Freedman et 
a/. 

[0003] 

In gas-bearing formations, NMR derived formation porosity is too low because of 
the low hydrogen index of gas compared to that of water. Similarly in reservoirs 
containing very viscous or heavy oil the NMR derived porosity is too low. The porosity 
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deficit is caused by the very short relaxation times in heavy oils. That is, the signals 
decay so fast that significant signal amplitude is lost before the first spin-echo is 
detected. In formations that do not contain gas or very viscous oil, the NMR signal is 
related to the total porosity of the formation. The porosity determined by the NMR 
measurement is governed by: 

0) 

[00041 where <b is the measured NMR porosity, <J> is the oil filled porosity, <J> is the 
nmr 0 

total rock porosity, P and P are polarization functions for water and oil, and H 
w 0 w 

and H are the hydrogen indices of water and oil. 
0 

[0005] As is known in the art, the polarization function accounts for the degree of 

magnetization that is achieved during the wait time (W) that precedes each 

measurement. The measurable magnetization depends on the longitudinal relaxation 

time (T1 ) of the fluid and W. By selecting a sufficiently long wait time between 

experiments, the polarization functions can be made to approach 1 (i.e., P s P = 

w o 

1). Because it is often true in practice that the hydrogen indices of water and oil are 

about one (i.e. H = H ^ 1), Equation 1 reduces to: 
w o 

(2) 

[0006] Thus, the total NMR porosity measured by an NMR tool in an oil-bearing 
formation is typically close to the formation porosity. 

[0007] 

Another tool used for investigating a formation traversed by a borehole is a 
microwave or high-frequency dielectric tool. Often called electromagnetic propagation 
tools, dielectric tools are well known in the art. Microwave or high- frequency 
dielectric measurements have been used since the late 1 970s to provide estimates of 
the fluid saturations in the flushed zone adjacent to a borehole drilled into an earth 
formation. A typical electromagnetic propagation tool has transmitters and receivers 
located on a pad placed in contact with the borehole wall. The transmitters transmit 
microwaves or high-frequency electromagnetic radiation into the formation 
penetrated by the borehole. The receivers, located in at least one additional location 
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on the pad, measure the phase shift and attenuations of the radiation as it propagates 

through the formation. The phase shift and attenuation measurements can be inverted 

using models to obtain formation travel times t , and attenuations A of the 

Pi t 
electromagnetic fields propagating in the formation (Freedman and Vogiatzis, 

Geophysics 44, no. 1 0, 969-986, 1 979). The travel times for some minerals and fluids 

commonly found in earth formations are shown in Table 1. (Schlumberger Log 

Interpretation Principles, 1987, p. 126). 

[0008] 



Mineral or Fluid 


Travel Time (nsrtn) 


Sandstone 


72 


Dolomite 


8.7 


limestone 


9.1 - 10.2 


Anhydrite 


8.4 


Halite 


7.9-8.4 


Gypsum 


6.8 


Shale 


7.45 - 16.6 


Oil 


4.7 - 52 


Gas 


33 


Water 


25-30 



[0009] Because the dielectric constant of water is much higher than the dielectric 

constants of hydrocarbons and the formation matrix material, the measured travel 
time is mostly dependent on the fraction of water in the formation. 

[0010] 

The measured formation travel times can be related via a theoretical equation: 

(3) where " t = t - t , " t = t - t , t is the travel time measured 
pi pi pma pw pw pma pi 

by the tool, t is the brine travel time. The brine travel time is a function of 
pw 

temperature (T) and salinity (s), t is the travel time of the rock matrix, t is the 

pma po 

travel time of the crude oil, c|> is the total formation porosity, and 4> is the oil-filled 
porosity. The travel times are the inverse phase velocities of electromagnetic wave 
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propagation in the respective media. Equation 3 represents a "dielectric mixing law" 
that relates the constituent travel times to the formation travel times. Other mixing 
laws can be derived that serve the same purpose. 

[001 1] Density logs are another type of wellbore measurement that are well known in the 
art. A density logging tool contains a radioactive source that emits medium-energy 
gamma ray radiation into the formation. The density logging tool also contains a 
detector at some distance away from the source. Due to Compton scattering with 
atomic electrons in the formation, the gamma rays lose energy as they propagate 
through the formation. The decrease in the gamma ray energy is related to the 
electron density in the formation, and, thus, is also generally related to the formation 
bulk density p . The bulk density can be related to the porosity of the formation by 
the following equation: 

Pb = <f>Pf +(l-4>)Pm 4 

(4) where p is the average density of the fluid in the pore spaces, p is the density 

' ma 
of the rock matrix, and <J> is the formation porosity. 

[0012] The NMR, density, and dielectric measurements and equations discussed above 
are applicable to measurements made in earth formations by conventional logging 
tools. The conventional tools include wireline logging tools and logging while drilling 
("LWD") tools. For dielectric measurements of reservoir fluids in rocks, it is important 
to make high-frequency measurements in order to avoid complicated dispersion or 
frequency dependent effects that cloud the interpretation of low-frequency dielectric 
measurements in reservoir rocks. 

[0013] 

The NMR, density, and dielectric measurements can also be performed on samples 
of bulk fluids withdrawn from the formation by a fluid sampling tool like the 
Schlumberger Modular Dynamics Tester (MDT) tool or similar tool. These tools are 
discussed in several recent patents (Kleinberg, U.S. Patent 6,346,813 B; Prammer, U.S. 
Patent 6,107,796; Edwards, et al., U.S. Patent 6,1 1 1 ,409; Blades and Prammer, U.S. 
Patent 6,1 1 1 ,408). A fluid sampling tool typically uses packers to isolate a portion of 
the borehole wall. The pressure within the packers is reduced until the formation fluid 
flows into the sampling tool. Another type of sampling tool uses a probe that is 
inserted into or pressed against the formation, and fluid is withdrawn. Usually, the 



App_ID= 10064727 



Page 4 of 33 



1006^727 „ 0I8O9I32 



formation fluid is monitored, with an optical device for example, until there is no 
change in the formation fluid flowing into the sampling tool. At that point, it is 
assumed that the formation fluid that is flowing into the sampling tool does not 
contain any mud or mud filtrate and is comprised substantially of native formation 
fluids. 

[0014] The equations discussed above and in the following sections of this patent are 

valid for NMR, density, and dielectric measurements made on bulk fluids in a sample 

module or flow line of a tool like the MDT that can be equipped with NMR, density, 

and dielectric measuring sensors. The sensors can be placed in the flow line so that 

the measurements are made while the fluids are in motion. Alternatively, a fluid 

sample can be diverted to a measurement cell where the measurement can be made 

on the stationary fluid. For measurement of bulk fluid dielectric properties it is not 

necessary to operate at high frequencies because there is negligible dispersion in the 

dielectric properties at lower frequencies. The equations for bulk fluids measured 

outside the formation can be obtained from equations appropriate for rocks by simply 

setting the rock matrix parameters to zero. That is, for bulk fluids, p =0 and t 

ma 

= 0 in the above equations. 

pma 

Summary of Invention 

[001 5] One aspect of an embodiment of the disclosed subject matter relates to methods 
for evaluating formation fluids. A method of an embodiment of the disclosed subject 
matter includes acquiring a nuclear magnetic resonance measurement of the 
formation fluids, acquiring a dielectric measurement of the formation fluids, and 
determining an oil volume fraction of the formation fluids. 

[001 6] Another aspect of an embodiment of the disclosed subject matter relates to 

methods for evaluating the volume of formation fluids. A method of an embodiment 
of the disclosed subject matter includes acquiring a nuclear magnetic resonance 
measurement, acquiring a dielectric measurement related to an electromagnetic travel 
time, acquiring a bulk density measurement, and solving a set of linear response 
equations representing a reservoir fluid model to determine fractional fluid volumes 
from the nuclear magnetic resonance property, the dielectric property, and the bulk 
density. 
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[001 7] Another aspect of an embodiment of the disclosed subject matter relates to 

methods for evaluating formation fluids from a gas-bearing formation. A method of 
an embodiment of the disclosed subject matter includes acquiring a bulk density 
measurement, acquiring a dielectric measurement, and determining a gas-corrected 
fluid volume. 

[001 8] Another aspect of an embodiment of the disclosed subject matter relates to 
methods for evaluating a formation traversed by a borehole. A method of an 
embodiment of the disclosed subject matter includes acquiring a nuclear magnetic 
resonance measurement, acquiring a dielectric property measurement related to a 
formation travel time, and determining a rock-matrix travel time from the nuclear 
magnetic resonance measurement and the dielectric measurement. 

[001 9] Another aspect of an embodiment of the disclosed subject matter related to 
methods for evaluating a formation traversed by a borehole. A method of an 
embodiment of the disclosed subject matter includes acquiring a dielectric 
measurement and determining a dielectric-derived water volume, acquiring a suite of 
NMR measurements and determining a water volume and an apparent heavy oil 
volume, and comparing the dielectric-derived water volume with the NMR derived 
water volume and the apparent heavy oil volume to produce a true heave oil volume. 

[0020] Other aspects and advantages of an embodiment of the disclosed subject matter 
will be apparent from the following description and the appended claims. 

Brief Description of Drawings 

[0021] Figure 1 is a flow chart showing one embodiment of a method according to an 
embodiment of the disclosed subject matter. 

[0022] Figure 2 is a flow chart showing another embodiment of a method according to an 
embodiment of the disclosed subject matter. 

[0023] Figure 3 is a flow chart showing another embodiment of a method according to an 
embodiment of the disclosed subject matter. 

[0024] Figure 4 is a flow chart showing another embodiment of a method according to an 
embodiment of the disclosed subject matter. 
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[0025] Figure 5 is a flow chart showing another embodiment of a method according to an 
embodiment of the disclosed subject matter. 

[0026] Figure 6 is a flow chart showing another embodiment of a method according to an 
embodiment of the disclosed subject matter. 

Detailed Description 

[0027] In an oil-bearing reservoir the oil-filled porosity can be determined more 

accurately by using the NMR and dielectric tools described in the Background section 

herein. By solving Equations 1 and 3 for the oil-filled porosity 4> , the following is 

o 

obtained: 

^ ftpvr ~tpim)~frpl~ r pmJ 

(5) where t is the travel time measured by the tool, t is the brine travel time and 
pi pw 

is a known function of temperature ( T) and brine salinity (s), t is the travel time 

pma 

of the rock matrix, t is the travel time of the crude oil, H and H are the 
po wo 

hydrogen indices of water and oil, P and P are polarization functions for water and 

wo 

oil, and $ is the oil-filled porosity, 
o 

[0028] It is understood by those skilled in the art that Equations 3 and 5 imply a 

particular choice of "dielectric mixing law." A dielectric mixing law is a mathematical 

model that relates the travel times of the constituents of the formation (i.e. the brine 

travel time t , the rock matrix travel time t , and the crude oil travel time t ) 
pw pma po 

to the total formation travel time t . . Those skilled in the art will realize that other 

pl 

mixing laws can be employed within the scope of this invention. It is also recognized 
by those skilled in the art that the travel times relate to composites of the real and the 
imaginary parts of a complex dielectric constant. Although the dielectric 
measurements are expressed here in terms of travel times and attenuations, these 
quantities can equivalently be cast in terms of the real and imaginary parts of a 
complex dielectric constant without departing from the scope of the disclosed subject 
matter. 



[0029] 



By choosing NMR polarization times sufficiently long so that all fluids are 
substantially polarized, the polarization functions are equal to about one (i.e. P = P 
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= 1). Because it is often true in practice that the hydrogen indices of water and oil 

are about one (i.e. H s H ^ 1), Equation 5 can be reduced to: 
w o 



*pw ^pma 



^pw *po 



^pl *pma 



*po 



(6) Because the dielectric constant of water is much greater than the dielectric 

constants for hydrocarbons and the rock matrix material, the travel times in oil and 

the rock matrix are approximately equal when compared to the travel time in water 

(i.e., t s t ). Thus, Equation 6 approximately reduces to: 
po pma 



*pw *po 



^pl *pma 



*pw *po 



(7) where d> , , is the porosity computed from the dielectric travel time measurement 
diel 

in a water zone and is given by: 



4>d*i = 



*pl~'pma 
*pw~'pma 



(8) Equation 7 shows that in oil-bearing formations the oil-filled porosity 4> is 

o 

approximately equal to the difference between the NMR total porosity <j> and the 

nmr 



porosity computed from the dielectric measurement $ 



diel 



[0030] The total formation porosity <J> can be obtained by solving Equations 1 and 3: 

4w C'pw ~ 'po) + £pl ■ ' pm) W o~ H w) 



(9) As noted above, when the hydrogen indices of water and oil are assumed to be 

equal to about one (i.e. H s H s 1), as is often the case in practice, Equation 9 

w o 

reduces to <f> = 4> , as shown in Equation 2. The water-filled porosity is equal to 
nmr 

the difference between the total porosity and the oil-filled porosity (i.e., <J> = 4> - <t> 

w 

). Thus, subtracting Equation 6 from Equation 9 the water-filled porosity is given by: 

o 

(1 0) Again, reducing Equation 1 0 for the condition where H s H s 1 provides: 

w o 



I'pW'po J l/pw-»] 



(1 1) Equation 1 1 shows that the water-filled porosity is primarily determined by the 
dielectric travel time measurements, with a relatively small amount of weight from the 
NMR measurement. 
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[0031] The combination of dielectric measurements and NMR measurements can also be 
used to determine the connate water salinity. The measured formation attenuations A 
are due to losses in the formation and can be related to the water-filled porosity, for 
example, using the so-called CRIM model (Freedman and Grove, SPE Formation 
Evaluation Journal, 449 - 457, December 1990.): 

4c-4r(r.j)fe 

(12) where c|> is the water-filled porosity and, A ( T, 5), is the attenuation of the 
w w 

signal in the brine, which is a known function of temperature ( 7") and salinity ( s) 
(Dahlberg and Ference, 1971, Transactions of the Society of Professional Well Log 
Analysts). 

[0032] In wells drilled with oil-based muds, Equation 1 2 can be solved for the connate 

water salinity using an estimate or measurement of the formation temperature. 

Similarly, in wells drilled with a water-based muds, Equation 1 2 can be solved for the 

salinity of the brine in the flushed zone. The water-filled porosity in Equation 12 can 

be obtained from stand-alone NMR diffusion-based measurements, as described in 

U.S. Patent 6,229,308 to Freedman. ( See also Heaton eta/, , SPE Paper No. 77400, San 

Antonio, Texas, September 2002). In a well drilled with an oil-based mud, there are 

three unknown fluid volumes that it is desirable to determine: (1) the water-filled 

porosity <J> , (2) the oil-filled porosity 4> , and (3) the oil-based mud filtrate filled 
w o 

porosity <|> . The solution of this three-fluid model requires at least three 
obmf 

formation measurements that measure approximately the same volume in the 
formation. 

[0033] Three measurements that are used in one embodiment of the disclosed subject 
matter are total NMR porosity, bulk density, and travel time. Using these 
measurements, the three unknown fluid volumes can be calculated with the following 
system of linear equations: 

u 

(13) 
(14) 
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(1 5) where p is the formation bulk density, p . is the density of the i fluid, p is 

i th ma 

the density of the rock matrix material, <J> . is the fluid filled porosity of the i fluid, 

i ^ 

and t . is the dielectric travel time travel time of the i fluid, 
pi 

[0034] Once the three fluid volumes are known, they can be summed to give the total 
formation porosity: 

(16) where the summations (i=l to 3) are over the three unknown fluids. 

[0035] Equations 1 3-1 5 assume that the native oil and the oil-based mud filtrate are 

separate phases and have sufficient contrast in densities, hydrogen indices, and travel 
times. This assumption, in some circumstances, can be invalid because oil and oil- 
based mud filtrate are miscible fluids that can mix together into a single fluid. In that 
case, the above equations can be solved for the brine and oil-filled porosities where 
the oil-filled porosity includes both native oil and oil-based mud filtrate. Those 
having skill in the art will realize that the properties of the oil in an oil-based mud can 
be changed to suit the particular circumstances. An oil-based mud could be devised 
so that the properties of the mud are different from the properties of the oil to a 
degree that allows their porosities to be separately detected using these methods. 
Further, Equation 12 can also be included with Equations 13-16 and the set can be 
solved simultaneously for the brine salinity and fluid-filled porosities. 

[0036] In gas-bearing formations drilled with water-based muds, Equations 1 3-1 5 can 

be solved for the gas-filled porosity <J> , the water filled porosity <b , and the gas- 

g w 
corrected total porosity <J> . For example, in a gas-bearing formation, the density log 

and the dielectric log have opposite responses to the presence of gas. Thus, the 

combination of the density and dielectric logs provides for improved formation 

evaluation. 

[0037] In a gas-bearing formation, the density log porosity <|> has the form: 

(1 7) Equation 1 7 shows that, in a gas-bearing formation, the density log porosity 
over-estimates the actual formation porosity because in practice the second term on 
the right hand side of Equation 1 7 is positive. 
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[0038] The dielectric travel time response in Equation 14 can be written for a gas-bearing 
formation as follows: 

(1 8) Equation 1 8 shows that the dielectric travel time is decreased in a gas-bearing 
formation. 

[0039] The opposite responses to the presence of gas in the formation from the density 
measurement and the dielectric measurement can be used to compute a gas- 
corrected total formation porosity. Solving Equations 17 and 18 for the gas-filled 
porosity yields: 

Pw "Pim *pwr "'pom. 

(1 9) where 4> is the dielectric derived total porosity in a water-bearing zone as 
defined in Equation 8. Equation 20 shows the relationship again: 



(20) Solving for the gas-corrected total formation porosity yields: 

(2 1 ) where w is a weighting function given by: 




(22) Again, the weighting function is derived from the dielectric mixing law. Because 
the dielectric mixing law is a matter of choice, those skilled in the art will realize the 
particular mixing laws and weighting functions are not meant to limit the scope of the 
disclosed subject matter. 

[0040] Equations 19 and 21 have a similar form to equations derived by combining 
density and NMR logs in gas-bearing reservoirs (Freedman eta/. , U.S. Patent 
6,147,489). 

[0041] 

The above equations and methods are easily adapted to the analysis of 
measurements made on bulk fluids in a downhole fluid sampling tool. For bulk fluids, 
the fluid-filled porosities cj> . in Equations 13-1 5 become fractional volumes whose 
summation is equal to one. It is also understood by those skilled in the art that the 
dielectric measurement made in the fluid sampling tool does not have to be an 
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electromagnetic propagation measurement. The dielectric properties of the fluid 
sample can be measured using other well-known laboratory methods, e.g., by putting 
the sample in a waveguide and measuring the S-parameters (e.g., see Ki-Bok Kim et 
al. , IEEE Transactions on Instrumentations and Measurements, vol. 51, no. 1, p. 72 77, 
February 2002) from which the dielectric constant can be computed, or by measuring 
the capacitance of the sample, which can be related to the dielectric constant. 
Similarly, the fluid analysis using bulk density of the sample does not require 
measuring the Compton scattering of gamma rays. It is understood that fluid bulk 
densities measured by other means can also be used in the following equations. 

[0042] For a bulk sample of brine and oil, the oil-filled fractional volume is given by 

Equation 6, where t is set to zero: 
pma 

*pw ? po 'pw *po 'pw 

(23) Equation 23 is valid for H s H s 1 . If the hydrogen indices of the brine and oil 

w o 

are not equal, then a more general version of Equation 23 can be obtained by setting t 
=0 in Equation 5. 

pma 

[0043] The sum of all the fluid fractions in the sample must equal 1 , because the fluid 

has been removed from the formation. Thus, the water-filled fractional volume is 

given by, <J> = 1 - 4> . For a bulk sample of brine and gas, the gas-filled fractional 
w o 

volume can be obtained by setting p =0 and t =0 in Equation 1 9: 

ma pma 

n 



^ Pw 

(24) The dielectric porosity <j> in Equation 24 is for bulk fluids and is defined by 

diel 

setting t =0 in Equation 20: 
pma 

(25) As noted before, the above equations represent a specific dielectric mixing law 
and other such laws and equations can also be used within the scope of this invention. 
In that case the equations in this application are modified accordingly. Other aspects 
of this invention can also be applied to the measurement of bulk fluid properties in a 
fluid sampling tool. For example, the dielectric attenuation measurement can be used 
to estimate the salinity of the brine fraction in the bulk fluid sample withdrawn from 
the formation. 
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[0044] 



For bulk fluids the fractional volume of gas in a gas/liquid sample can be 



computed from Equations 1 7 and 1 8 and setting p 



ma 




(26) In the above equation p and p are the densities of the gas and liquid 

9 f 

components, H and H are their hydrogen indices and P is the gas polarization 
g f g 

function. The density porosity, <J> , in Equation 26 is defined by 



(27) In deriving Equation 26 it is assumed that the liquid phase is fully polarized. If 
this is not the case then Equation 26 can be modified accordingly. 

[0045] Equation 26 computes the fractional volume of gas from a linear combination of 
NMR and density porosities. The gas volume fraction can also be computed directly 
from either the density or NMR measurement. For example, from the density 
measurement 



(29) Figure 1 shows one aspect of the method according to an embodiment of the 
disclosed subject matter. The method according to this aspect of the disclosed subject 
matter comprises acquiring an NMR measurement of the formation fluids 1 1 , 
acquiring a dielectric measurement of the formation fluids 12, and determining an oil 
volume fraction from the NMR property and the dielectric property 1 3. Those having 
skill in the art will realize that the order of measuring the NMR property 1 1 and 
measuring the dielectric property 12 is not important. The disclosed subject matter is 
not intended to be limited by the order of the measurements. In some embodiments 
the NMR measurement comprises at least one spin-echo amplitude. In one 
embodiment, the spin-echo amplitudes are measured by selecting a polarization time 
sufficiently long so that oil and water in the formation fluids are substantially 
polarized. In some other embodiments, the dielectric measurement comprises an 
electromagnetic wave phase shift or attenuation. 




(28) and from the NMR measurement: 
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[0046] In some embodiments of the disclosed subject matter, the formation fluids 
comprise fluids in the formation. In these embodiments, the total fraction of 
formation fluids comprises the total formation porosity $ , the water volume fraction 
comprises the water-filled porosity 4> of the formation, and the oil volume fraction 
comprises the oil-filled porosity 4> of the formation. The oil-filled porosity can be 
calculated by subtracting the water- filled porosity from the total formation porosity. 
In one embodiment, acquiring the NMR measurement and acquiring the dielectric 
measurement are performed while drilling. 

[0047] In some other embodiments of the disclosed subject matter, the formation fluids 
comprise at least one sample taken from a formation traversed by a borehole. Fluid 
samples can be withdrawn from the formation using any suitable device known in the 
art, for example, the Schlumberger MDT tool, as described in U.S. Patent 4,860,581 
issued to Zimmerman eta/. When measurements are made on a fluid sample, the sum 
of the oil volume fraction and the water volume fraction is taken to be one. Because 
the sample has been extracted from the formation, the formation porosity can be 
taken to be one for purposes of sample evaluation. That is, the fluids occupy the 
entire volume of investigation because there is no formation in the sample. 

[0048] In some embodiments, the method includes measuring an electromagnetic wave 
attenuation A . In one embodiment, the salinity s of the brine in the formation is 
determined from the electromagnetic wave attenuation and a known aqueous phase 
attenuation function with respect to the salinity s and the formation temperature T. 
The formation temperature T can be directly measured or estimated using techniques 
known in the art. 

[0049] Figure 2 shows another aspect of an embodiment of the disclosed subject matter. 
The method according to this aspect of the disclosed subject matter includes 
acquiring an NMR measurement 21, acquiring a dielectric measurement 22, acquiring 
a bulk density measurement 23, and solving a set of linear response equations 
representing a reservoir fluid model to determine fractional fluid volumes 24. Again, it 
is noted that the order of the measurements is not important and is not intended to 
limit the scope of the disclosed subject matter. In some embodiments, the set of 
linear response equations comprises Equations 13-15, described above. 
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[0050] The reservoir fluid model and the associated response equations are determined 
based on what formation fluids are expected or known to be in the formation. 
Information about the formation can be derived from previous measurements, other 
boreholes drilled in the area, and any other means known in the art to predict what 
fluids are present in a given formation. In some embodiments, the reservoir fluid 
model comprises an oil-bearing formation traversed by a borehole drilled using an 
oil-based mud. The model in these embodiments is selected to solve for the water 
volume fraction, the oil volume fraction, and the oil-based mud filtrate volume 
fraction. 

[0051] It is noted that if the properties of the oil-based mud, e.g. the hydrogen indices 
and the density, do not have sufficient contrast from the properties of the oil in the 
formation, the volume fractions of the oil and the oil-based mud filtrate cannot be 
separately determined. In those cases, Equations 1 3-1 5 can be solved for i=l to 2, 
where the fluid volumes to be determined are the water volume fraction and the sum 
of the oil and oil-based mud filtrate volume fractions. Those having skill in the art will 
realize that the properties of the drilling mud can be controlled so as to have different 
properties from the oil in the formation, thereby allowing the measurement to 
differentiate between the native oil and the oil-based mud filtrate. 

[0052] In some embodiments of the disclosed subject matter, the formation fluids 

comprise fluids in a formation traversed by a borehole. In these embodiments, the 

water volume fraction comprises the water-filled porosity c|> of the formation, the oil 

w 

volume fraction comprises the oil-filled porosity <j> of the formation, and the oil- 

o 

based mud filtrate volume fraction comprises the oil-based mud filtrate porosity <J> 
obmf ° f the formation - ln these embodiments, the oil-filled porosity 4> , the water- 
filled porosity cj> , and the oil-based mud filtrate porosity $ can be summed to 
w obmf 

give the total formation porosity <}> . In one embodiment, the method also includes 
measuring an electromagnetic wave attenuation A and calculating the salinity s of 
the connate water in the formation based on the total formation porosity 4> and a 
known aqueous phase attenuation function with respect to the connate water salinity s 
and the formation temperature T. 

[0053] 

In some embodiments, the formation fluids comprise at least one sample 



AppJD= 10064727 



Page 15 of 33 



± O O 6 H-7 27 . 0 B O m O 5 

withdrawn from the formation. The sum of the oil volume fraction, the water volume 
fraction, and the oil-based mud filtrate volume fraction are taken to be one. 

[0054] Further, it is known in the art to use a sensor, for example an optical sensor, to 
monitor the fluids being withdrawn from the formation until the fluids are no longer 
changing. At that point, the extracted fluids are assumed to be comprised of native 
fluids. Thus, in one embodiment, the oil-based mud filtrate volume fraction is taken 
to be zero. 

[0055] In some embodiments, the reservoir fluid model comprises a gas-bearing 

formation. Equations 13-1 5 can be solved for the gas volume fraction, the water 

volume fraction, and the gas-corrected total volume fraction. In one embodiment, the 

formation fluids comprise fluids in a formation. In this embodiment, the gas volume 

fraction comprises the gas-filled porosity <t> , the water volume fraction comprises 

9 

water-filled porosity cj> , and the gas-corrected total volume fraction comprises the 

w 

gas-corrected total formation porosity 4> . 

[0056] In another embodiment, the formation fluids comprise at least one fluid sample 
withdrawn from the formation. The sum of the gas volume fraction and the water 
volume fraction is taken to be one. 

[0057] Figure 3 shows another aspect of an embodiment of the disclosed subject matter. 
This aspect of the disclosed subject matter includes a method for evaluating 
formation fluids from a gas-bearing formation. The method according to this aspect 
includes measuring a bulk density 31, measuring a dielectric property 32, and solving 
the response equations for the gas corrected fluid volume 33. This aspect of the 
disclosed subject matter takes advantage of the opposite response of a dielectric 
measurement and a density measurement in the presence of gas. Again, as is known 
in the art, the exact order of measurement is not intended to limit the disclosed 
subject matter. 

[0058] 

In some embodiments, the formation fluids comprise fluids in a formation 

traversed by a borehole. In these embodiments, the bulk density comprises a 

formation bulk density p , the dielectric property comprises a formation travel time t 

b 

, , and the gas-corrected fluid volume comprises the gas-corrected total formation 
pl 
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porosity cj> . 

[0059] In some other embodiments, the formation fluids comprise at least one fluid 

sample extracted from a formation traversed by a borehole. In these embodiments, 
the sum of the gas volume fraction and the water volume fraction is taken to be one. 

[0060] Figure 4 shows another aspect according to an embodiment of the disclosed 

subject matter. A method according to this aspect of the disclosed subject matter 

includes acquiring an NMR measurement 41, acquiring a dielectric property 

measurement 42 related to the formation travel time t , and determining a rock- 

Pl 

matrix travel time t 43 from the NMR measurement and the dielectric propertv 
pma 

measurement. In some embodiments, the method includes determining a rock-matrix 
travel time log as a function of borehole depth 44. 

[0061] The determination of the reservoir fluid model allows the derivation of the 
associated dielectric travel time equation response equation. For example, if the 
model comprises a formation with oil and water, the dielectric travel time response 
equation may have the form of Equation 3. If the model comprises a gas-bearing 
formation, the travel time response equation can be adjusted for the constituents of 
the formation, as is known in the art. Again, the dielectric mixing law is a matter of 
choice and is not intended to limit the disclosed subject matter. 

[0062] Figure 5 shows yet another aspect of an embodiment of the disclosed subject 
matter for evaluating a gas-liquid sample. This aspect includes acquiring a bulk 
density measurement 51 and acquiring an NMR measurement 52. In one embodiment, 
the method according to this aspect also includes computing a density porosity from 
the bulk density and a fluid density 53. Equation 27 shows one example of a 
calculation that can be used to compute the density porosity. The method also 
includes determining the fractional volume of gas in the sample from the bulk density 
measurement and the NMR measurement 54, as for example in Equation 26. In the 
embodiment where the density porosity is computed, the method includes 
determining the fractional volume of gas in the sample from the density porosity and 
the NMR measurement 54. 

[0063] 

NMR methods are capable of providing fluid properties, (e.g., volumes) for 
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individual components in a mixture of formation fluids. For example, U.S. Patent No. 
6,229,308 B1 issued to Freedman discloses a magnetic resonance fluid 
characterization (MRF) method that can provide various NMR parameters for individual 
fluid components from a suite of NMR measurements made on a mixture of fluids. 
This patent is assigned to the same assignee as the present invention and is hereby 
incorporated by reference. 

[0064] The MRF method uses differing diffusion properties to differentiate different fluid 
components in a mixture. The diffusion-based NMR methods, however, cannot 
reliably differentiate heavy oil from water in small pore spaces or water bound in clays 
because of poor sensitivity to the diffusion of these fluids. In some cases, NMR 
diffusion methods mistake water in small pore spaces or bound in clay for heavy oils. 
In these cases, diffusion-based NMR methods will predict a non-negligible oil volume 
in formations where there is no oil. A dielectric measurement, however, is not affected 
by the viscosity of heavy oil and can provide more accurate determination of the water 
volume. The dielectric derived water volume can be compared with the individual fluid 
volumes derived from diffusion-based NMR methods to provide a more accurate 
estimate of the water and heavy oil volumes. For example, an apparent heavy oil 
volume and water volume may first be derived from the suite of NMR measurements. 
The water volume derived from the dielectric measurement is then compared with the 
water volume and the apparent heavy oil volume derived from the suite of NMR 
measurements. The comparison will yield the true heavy oil volume, i.e., the 
contribution of water in the apparent heavy oil volume can be removed using this 
comparison. 

[0065] Figure 6 shows another aspect of a method according to an embodiment of the 

disclosed subject matter. The method includes acquiring dielectric measurements 61, 
and determining a dielectric-derived water volume from the dielectric measurements 
62. The method also includes acquiring a suite of NMR measurements 63 and deriving 
a water volume and an apparent heavy oil volume from the suite of NMR 
measurements 64. The method next includes comparing the dielectric derived water 
volume with NMR derived water volume and the apparent heavy oil volume to produce 
a true heavy oil volume 65. 



App_ED= 10064727 



Page 18 of 33 



[0066] The following are some of the possible advantages of an embodiment of the 

disclosed subject matter. The method according to an embodiment of the disclosed 
subject matter provides fluid volumes that are independent of the magnetic field 
gradient of the NMR logging instrument because it does not rely on contrasts in 
molecular diffusion coefficients to differentiate formation fluids. For example, NMR 
methods are uncertain for some cases in formations with high concentrations of iron- 
rich minerals, such as chlorite clay, that have strong internal magnetic field gradients. 
In formations that have a high internal magnetic field gradient, such as North Burbank 
sandstone, the accuracy of diffusion-based methods is also reduced. Also, in some 
cases NMR methods have difficulty in differentiating very viscous oils, over about 1 00 
centipoise, from clay-bound water and water in small pore spaces. Using the dielectric 
travel time and attenuation measurements in conjunction with NMR measurements 
provides an improvement because the dielectric measurements are not effected by oil 
viscosity. Dielectric logs can be used in reservoirs containing heavy oils with a 
viscosities that exceed thousands of centipoise. In these environments, diffusion- 
based NMR methods provide reduced accuracy oil volumes. The method according to 
an embodiment of the disclosed subject matter is also more reliable than stand-alone 
dielectric log interpretation because an embodiment of the disclosed subject matter is 
less dependent on rock matrix travel times that are functions of unknown lithology 
and mineralogy. The combination of dielectric, NMR, and density logs according to an 
embodiment of the disclosed subject matter can overcome these limitations of the 
prior art. 

[0067] Also, the combination of dielectric and density measurements in a gas-bearing 

formation provides more accurate data because they have an opposite response to the 
presence of gas, allowing for the presence of gas to be detected. 

[0068] While the disclosed subject matter has been described with respect to a limited 

number of embodiments, those skilled in the art, having benefit of this disclosure, will 
appreciate that other embodiments can be devised which do not depart from the 
scope of the disclosed subject matter as disclosed herein. Accordingly, the scope of 
the disclosed subject matter should be limited only by the attached claims. 
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